Pollution From Space (MAPS) flights are presented. Spectroscopic measurements were performed correlatively with April and October MAPS flights by nine research groups from Belgium, Canada, Germany, Japan, New Zealand, Russia, and the United States. Characterization of the techniques and error analysis were performed. The role of the CO a priori profile used in the retrieval was estimated. In most cases an agreement between spectroscopic and MAPS data is within estimated MAPS accuracy of _+ 10%. •Department of Physics, University of Toronto, Toronto, Ontario, Canada.
Introduction
Ground-based solar infrared spectroscopic measurements of atmospheric carbon monoxide (CO) total column abundances have been performed for many years at a variety of locations The purpose of this paper is to present the results of the first comparison of CO measurements recorded by the MAPS instrument and ground-based IR solar spectroscopy. Most of the spectroscopic measurements have been performed correlativcly with the MAPS flights, which occurred in April and October of 1994. In a few cases when the spectroscopic correlative results were not available, other relevant data (e.g., monthly averages) were used for comparison. Solar spectra have been recorded by 9 research groups at 11 sites. Table 1 presents a list of the participating groups, the location and altitude of the station, and the instrument type. Ten out of eleven stations are located in the northern hemisphere; three stations are on mountain tops. All the observatories, with exception of the Jet Propulsion Laboratory (JPL) Pasadena, (United States) and Toyokawa (Japan) are located at sites remote from local pollution sources. All groups, except for the Russian stations at Zvenigorod and Kislovodsk, use Fourier transform (FT) spectrometers and nonlinear least squares fitting techniques for CO total column retrieval from solar spectra. Thus, despite similarities, each station has unique characteristics. Their data therefore should be interpreted individually.
The main goals of the present study are as follows: (1) develop a practical and numerically accurate approach for the comparison of CO data acquired by two different remote techniques, that is, MAPS and IR solar spectroscopy and (2) perform the comparison on these two data sets based on the techniques developed in step 1. The results of this comparison are very important for both MAPS measurement validation and for demonstrating IR solar spectroscopy's capabilities in providing reliable and consistent data for global tropospheric studies.
Solar IR Spectroscopic Retrieval Technique
The CO total vertical column Q is defined by the equation
O = f q(h) dh
(1) where h is the altitude above the observation point and q(h) is CO number density profile.
As mentioned above, all the research groups, except the two Russian stations, use FT spectrometers and the nonlinear least squares spectral fitting (NLLS) to retrieve the CO total column. We will therefore discuss the principal elements of this technique only. A discussion of the retrieval technique used on the Russion data sets is given by Dianov-Klokov et al. [1989] . A description of the application of the NLLS technique to FT spectra has been given by Rinsland et al. [1984] and Pougatchev and Rinsland [1995] . A basic review of this method will be outlined below at an appropriate level that is necessary for understanding the spectroscopic results.
Single Interval NLLS Technique
The retrieval of the total column is obtained by fitting regions of the spectral data centered on individual CO lines via the NLLS technique where I• is the measured intensity at wavenumber I(•i, ... ) is the forward model, 0 is a scaling factor for the CO a priori vertical profile, x is the vector of supplementary parameters such as the intensity in the spectrum that corresponds to the 100% transmission level, scaling factors to retrieve the content of interfering gases, etc. To improve the quality of the total column retrieval, these parameters are determined as part of the minimization of G in (2). The vector a is the set of parameters which are assumed a priori but not fitted as a part of retrieval, for example, the temperature-pressure profiles, and spectroscopic parameters of the absorption lines. The set (0', x'), which produces a minimum of G in (2) is assumed to be the best estimate of the retrieved total column Q'
where qa(h) is CO a priori profile. As was shown by Pugachev [1988] and Rodgers [1990] , in the absence of any other sources of error (except a small discrepancy in the shape of the profile), the retrieved total column Q' obtained from (3) can be expressed as
Here qtrue(h) is the true CO number density profile at the moment of observation, and A (h) is an averaging kernel (see Rodgers [1990] for details). An averaging kernel for the total column retrieval has an important feature; f A (h ) qa(h ) dh = f qa(h ) dh (s) where qa(h) is an a priori profile. The meaning of (5) is as follows; if the shape of the actual CO profile at the moment of observation is the same as the a priori one, then the retrieved total column is equal to the true one. In other words, the accuracy of Q' depends on how close the shape of the a priori profile qa(h) is to the shape of the true one at the moment of observation. As shown by Pugachev [1988] , the altitude dependence of A (h) is determined mainly by the absorption in the line center and the temperature dependence of the line intensity. The a priori profile also affects the shape of the averaging kernel.
R(3) CO Line Spectral Interval
All of the ground-based spectroscopic groups, except the JPL group at Pasadena, California, use a single spectral interval, centered around the R(3) line (2158.3 cm -•) of the fundamental 12C160 band. A typical spectrum of the interval is presented in Figure 1 with identification of the most distinctive features. There are several reasons for using the R(3) line. First, almost all previously reported CO measurements use this line. This ensures therefore that the data obtained during this campaign are consistent with previous measurements reported in the literature. In a solar spectrum the line is very strong and broad, even at moderate to high solar zenith angles, which makes the retrieval robust against spectrometer misalignment and interferences from other minor absorbing gases in the spectrum (notably H20, N20, 03, and solar CO).
The averaging kernel, calculated for CO total column re-trievals using NLLS fitting from the R(3) line, is shown in Figure 2 ( It also was shown by Pougatchev and Rinsland [1995] that the retrieval from lines with different averaging kernels provides us with the formal opportunity to retrieve information about the vertical distribution of the target gas from ground-based solar spectra. This approach was used by the JPL group for the retrieval of the CO amount above Pasadena, California, where strong CO emissions from Los Angeles result in the CO vertical profiles being significantly different from the regional background. Their method is based on simultaneous spectral fittings in four spectral intervals at 2057, 2069, 2158, and 4274 cm-1. The CO lines in these intervals have different line intensities, temperature dependences, and air-broadening coefficients; hence they are sensitive to different parts of the CO vertical profile. Solar CO features were removed from the ground-based spectra by rationing against a high-altitude balloon spectrum recorded with the same spectrometer. Fitting was performed by manually varying the shape of the a priori profile until good fit was obtained to the shape of the four spectral intervals. This kind of approach significantly improves the accuracy of the CO total column retrieval for such a pol- retrieved values of 1.12 x 10 •8 molecules cm -2 and 1.52 x 10 •8 molecules cm -2, respectively, or still (5-9%) higher than the true column for the profiles. Thus the effect of the MAPS averaging kernel accounts for at least half of the difference between MAPS and FTIR or in situ data. The remaining -<10% difference is within the estimated MAPS accuracy. The main conclusion from the above analysis is that FTIR and in situ total column measurements agree better than 3% and, when the specific features of the MAPS technique are properly taken into account (i.e., its averaging kernel), the agreement between the MAPS and FTIR data is within -10%.
Spitsbergen (Norway) and Sondre Stromfjord (Greenland)
As was shown by numerous spectroscopic CO measurements in the Arctic [Dianov-Klokov et al., 1989], there is no stable meridional gradient at latitudes higher than 60øN. The reason for this phenomenon is the absence of anthropogenic CO sources and a slow photochemical sink. So, despite the fact that both of these stations are located beyond the area that is covered by the U.S. shuttle orbits, the spectroscopic data can still be compared to those of the MAPS. The difference between the Spitzbergen data and the MAPS ones from a (55 ø-57øN) x (5ø-15øE) box is 3 and -8% for April and October, respectively. October spectroscopic data taken at Sondre Stromfjord are 5% higher than the MAPS ones from a (55 ø-57øN) x (35ø-55øW) grid box. Thus the agreement is within the estimated MAPS accuracy.
Egbert (Canada)
The station is located at a rural site about 70 km northwest of Toronto city limits. The difference between the spectroscopic and the MAPS data is +18 and -1% for April and October, respectively. A possible explanation of the significant discrepancy in April could be attributed to the difference between the shape of the actual CO vertical profile and the profile that was used for the retrieval. Analysis of some winterspring CO profiles in the northern hemisphere [Gregory and Scott, 1995] shows a strong negative vertical gradient of the CO volume mixing ratio. An averaging kernel simulation of the MAPS and spectroscopic measurements indicates that in this situation the MAPS underestimates and spectroscopy overestimates the true CO total column. The magnitude of the error depends on the actual shape of the CO profile, which is unknown. To minimize this error, a retrieval technique that takes into account the CO vertical distribution (e.g., Pougatchev and Rinsland [1995] or JPL approach) should be used in further studies. The approach that has been used in the current study can be illustrated by the cartoon in Figure 5 . To reduce the spectroscopic column Q IR to the MAPS terrain altitude, the following relation can be written:
Zvenigorod (Russia

Q MAPS --[ Q IR q-(P MAPS --P IR)/' coK]F (p MAPS) (10)
where Q MAPS and Q m are the MAPS and spectroscopic measured CO columns, Pm and P M^PS are the atmospheric pressures at the level of the spectrometer and the surface in the MAPS field of view, r co is the CO average mixing ratio between levels P M^PS and P IR, K is the unit conversion factor (pressure difference into column), and F(pM^es ) is the function defined by (9). For each station, parameters Q MAPS, Q m, P MAPs,P m, and K are known, while r co can be obtained either Because of the close proximity of Pasadena to the central part of Los Angeles, California, the amount of CO in the atmosphere above the station is determined mostly by local anthropogenic emissions. Analysis of the spectroscopic and in situ measurements confirms the fact that the atmospheric boundary layer is heavily polluted. Therefore the retrieval technique, as discussed in section 2.3, based on inferring information about the CO vertical distribution was used by the JPL group.
The measured spectroscopic CO columns are more than a factor of 2 higher than those of the MAPS. There are two main reasons for this discrepancy. First, the MAPS is insensitive to the CO enhancement in the boundary layer (see the averaging kernel in Figure 2 ). This means that even if the MAPS have made measurements directly over Pasadena (500 ppbv of CO in the lowest 2 km) it would not affect significantly the retrieved CO total column. Second, all MAPS correlative data were taken farther than 100 km from Pasadena. According to Dianov-Klokov [1984] the influence of a large city on the CO total column measurement becomes negligible at a distance ->2 Rc from the city border, where Rc is the characteristic size of the city. For the Los Angeles metro area, R c • 50 km. This means that the MAPS data characterize the CO regional background, so that the Pasadena measurements cannot be used for MAPS validation. However, the comparison of the measurements gives valuable information about the city emission contribution to the CO total column. To obtain good fits to the shapes of the four CO lines, a CO mixing ratio in the lower troposphere of -- 
Conclusions
The analysis reported in the paper shows that ground-based solar spectroscopic technique is an effective tool for validation of a spaceborne remote sensor, like MAPS, for CO total column measurements. The comparison of the spectroscopic data sets with MAPS measurements acquired during its two 1994 U.S. shuttle missions in most cases agree within the estimated MAPS accuracy of _+ 10%.
Both MAPS and the solar spectroscopic network provide consistent and reliable data about the global CO distribution and its temporal variation. In some cases a combination of satellite and ground-based spectroscopic measurements can be used for studies of local pollution.
Ground-based infrared solar absorption spectroscopy can be used for the measurement of the CO vertical profile and its total column. These capabilities make the spectroscopic technique an important part of global tropospheric studies and validation campaigns for future satellite remote sensing instruments, for example, Measurements of Pollution in the Troposphere (MOPITT), Tropospheric Emission Spectrometer (TES), etc.
